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Abstract
Novelty seeking has been tied to impulsive choice and biased value based choice. It has
been postulated that novel stimuli should trigger more vigorous approach and exploration.
However, it is unclear whether stimulus novelty can enhance simple motor actions in the
absence of explicit reward, a necessary condition for energizing approach and exploration
in an entirely unfamiliar situation. In this study human subjects were cued to omit or perform
actions in form of button presses by novel or familiar images. We found that subjects’motor
actions were faster when cued by a novel compared to a familiar image. This facilitation by
novelty was strongest when the delay between cue and action was short, consistent with a
link between novelty and impulsive choices. The facilitation of reaction times by novelty was
correlated across subjects with trait novelty seeking as measured in the Tridimensional Per-
sonality Questionnaire. However, this li between high novelty-seeking and action facilitation
was driven by trials with a long delay between cue and action. This prolonged time window
of energization following novelty could hint at a mechanistic underpinning of enhanced vig-
our for approach and exploration frequently postulated for novelty seeking humans. In con-
clusion, we show that stimulus novelty enhances the speed of a cued motor action. We
suggest this is likely to reflect an adaptation to changing environments but may also provide
a source of maladaptive choice and impulsive behaviour.
Introduction
Exploring novel options is an essential part of adaptive decision making behaviour [1,2], but is
also linked to increased risk of addictive behaviour [3,4] and dopaminergic function [5,6]. The
integration of novel stimuli in the choice process is thought to rely on the detection of previ-
ously unknown stimuli [7–9] and a bias on choice towards approaching and exploring the new
stimuli [6].
fMRI studies in humans show that novelty signals are not only associated with activation in
neocortical and limbic brain structures including the hippocampus [10–13], but also that stim-
ulus novelty activates the substantia nigra/ventral tegmental area (SN/VTA) [6,14]. This is con-
sistent with a functional anatomical model of a Hippocampus-SN/VTA loop in which
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hippocampal responses to novel stimuli activate the SN/VTA via an indirect pathway, through
the ventral striatum and ventral pallidum [7,8,15]. More recently, an additional hippocampal-
SN/VTA pathway has been detected originating in the CA3 subfield and relayed in the lateral
septum [16]. Use of dopamine agonists in humans has also provided evidence consistent with
novelty detection modulation by dopaminergic circuitry [17,18].
The dopaminergic SN/VTA’s central role in representing reward [19,20] and novelty detec-
tion has led to the hypothesis that novelty affects value guided decision making [21]. Previous
results have shown that instrumental model-free learning is biased by stimulus novelty [6], an
exploration bonus mediated by SN/VTA activation. A similar task in monkeys has shown that
dopamine transporter blockade, resulting in enhanced dopaminergic activity, promotes nov-
elty seeking when choosing whether to explore new options or exploit familiar ones [22].
Human approach behaviour is difficult to implement under experimental laboratory condi-
tions. However, recent research indicates that button presses can be used as a model for
approach [23–26] and contrasted with the omission of a button press as model for avoidance.
Approach is linked to widespread activation of the basal ganglia, including the SN/VTA
[23,24,27,28]. In this way dopamine release in response to novelty could benefit execution of
motor actions [29] such as approach. The SN/VTA’s role in approach behaviour [23,24] led us
to the question whether approach responses can be triggered by stimulus novelty in the absence
of choice between rewarding options or even the absence of any reward at all. Such a finding
would establish an effect of novelty on pure approach as a building block of impulsive behav-
iour, vigorous exploration, intrinsic motivation and potentially maladaptive choices.
To investigate whether novelty modulates approach tendencies, we adapted an experimental
design in which Go or No Go responses are instructed by cue images [23,24,27]. In the experi-
ment, the semantic category of novel and familiar stimuli determined whether or not an action
was required. This allowed us to reveal congruency effects of novelty with action tendencies. If
novelty affects motor tendencies, novelty related approach tendencies would lead to faster reac-
tion times after seeing novel stimuli. In contrast, in the absence of such an invigorating effect of
novelty, performance costs associated with the semantic categorization of the novel images
should lead to longer reaction times. We also explored the possibility that the reaction time
facilitation by novelty may depend on the temporal delay between a novel image and the
required action. Greater reaction time facilitation after short delays would indicate a mecha-
nism akin to impulsivity, whereas a delay independent facilitation would indicate sustained
maintenance of motivation [30] akin to vigour and exploratory drive. We also hypothesized
that novelty effects on reaction time would be modulated by individual differences in trait nov-
elty seeking as measured by the Tridimensional Personality Questionnaire [31] and possibly
vary with the length of the delay [6,32,33].
Methods
Participants
A group of 60 subjects participated in the study (Group 1: 23 males; age 18–20, mean: 22.6).
Participants were recruited through a University College London participant pool, were self-
reported right-handers, had normal or corrected to normal vision and were paid for their par-
ticipation. The study was approved by the UCL local research ethics committee (PWB/ED/11-
10-12b) and subjects gave informed written consent.
Materials and Methods
The experiment (Fig 1) was adapted from Koster et al. 2015 [28] and consisted of four experi-
mental runs, each run consisting of 80 trials. Each trial consisted of the two following events:
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presentation of a black and white square photograph (of one of four image categories: cars,
boats, motorbikes, airplanes) for 3000 ms and the display of a circle for 2000 ms on either the
left or right side of the screen. The cue and the response were separated by a fixation cross with
a variable interval. The interval lasted between 1000–8000 ms in the long delay condition and
1000–5000 ms in the short delay condition. The response was then followed by a fixation cross
for a variable interval of 1000-2000ms.
The image category instructed the participant whether on this particular trial it would be
required to indicate the position of the circle with a keypress (Go) or to omit the response (No
Go). Subjects were instructed that the Go response had to be entered in under 700 ms in order
to be registered. Two of the image categories showed trial unique images (Novel), while the
other two showed a repeating subset of four images. Additional to the repeats within the exper-
iment itself, subjects were familiarized with the familiar images by exposure between training
sessions and runs and the familiar images were used during the training session. The mapping
of the image categories to experimental conditions was counterbalanced across participants.
Each of the four experimental runs contained 20 trials per condition (Go Novel, Go Familiar,
No Go Novel, No Go Familiar), half of which were aborted after the display of the image and
did not require the Go/No Go response. Similarly, to not requiring action on half of the trials
(No Go), aborting half the trials contributed to keeping subjects attentive and avoiding a habit-
ual mode of constant responding. This makes the Go responses that are performed selective
and appropriate. Aborting trials in the Go and No Go condition also makes the two conditions
more comparable in terms of uncertainty and required attention due to unpredictable trial
lengths, as well as making the paradigm more compatible with similar designs in the literature
[23,24,28].
Subjects were told their performance would affect their payment but did not receive feed-
back after trials. To ensure that subjects learned the meaning of the image categories, subjects
completed three runs of training. The first run consisted of 5 trials in which subjects were
asked to indicate the position of the circle with a button press. The second run was one block
in which no trial was aborted after image display, and subjects received feedback whether the
response was correct. To ensure subjects were familiar with the manipulation by which half of
the trials were aborted, another run of training consisted of a shortened version of an actual
experimental run (approx. 10 minutes of total training time). During the training the images
for the Novel condition were not trial unique but a repeating subset, that was not used in the
actual experimental runs.
Fig 1. Experimental paradigm. Subjects were presented with 80 trials in each of four consecutive blocks. In
each trial, an image from one of four categories (randomized across subjects) informed subjects about
whether to press when a circle was displayed or to not respond (Go/No Go). In two conditions images were
trial unique (Novel) and in two conditions four images within the category were repeated (Familiar). Subjects
were pre-exposed to Familiar images during training. The cue was followed by a fixation period of varying
length (1000–8000 ms in Experiment 1 and 1000–5000 ms in Experiment 2). Then, in 50% of the trials a
circle was presented either on the left or the right instructing subjects to respond by pressing the left or right
arrow key. This was followed by another fixation of variable length (1000–2000 ms).
doi:10.1371/journal.pone.0159120.g001
Stimulus Novelty Energizes Actions in the Absence of Explicit Reward
PLOS ONE | DOI:10.1371/journal.pone.0159120 July 14, 2016 3 / 10
Analysis
Analysis was conducted using Matlab 2010b, SPSS 19 and R. To analyse whether a novel cue
image has a positive effect on RT overall, we entered RT of the two Go conditions in a 2 within
(Novelty: Novel/Familiar) by 2 between (Delay length: short/long) ANOVA. The between
group factor controls for the fact that two conditions contained a different range of delays
between cue and action requirement. This analysis was repeated after nine subjects were
removed for having a performance worse than 95% correct Go/No Go responses. Whether the
Go/No Go responses were performed correctly was assessed with a 2x2 within (Novelty:
Novel/Familiar and Action: Go/No Go) by 2 between (Delay length: short/long) ANOVA.
To test whether the delay between cue and action modulated the facilitation effect in both
delay groups, the RT difference between novel and familiar images was binned (3 or 7 bins
spanning over 1 second, respectively for the short and long delay group) and analysed in two
one-way ANOVAs. To allow a more powerful analysis across both groups the bins were col-
lapsed to include trials with a short (1000–2000 ms) vs longer (2000 and above) delay in a 2
within (short delay bin/long delay bin) by 2 between (Delay length: short/long) ANOVA. To
investigate the effects further, one-sample t-tests were conducted in each bin (Bonferroni cor-
rected for 7 comparisons).
The overall RT benefit of novelty was correlated with TPQ Novelty seeking scores. Correla-
tion analyses with other TPQ scales have been conducted as exploratory analysis. To test the
specificity of the correction with Novelty seeking the subscales Harm avoidance and Reward
dependence were partialed out. The overall Novelty Seeking scale and its subscales were also
correlated with the RT benefit for short and long delays. The strengths of the correlations were
tested against each other with the psych library in R. Note that none of the exploratory and
post-hoc correlations were corrected for multiple comparisons.
Results
As displayed in Fig 2A, RTs for Go responses were facilitated following presentation of a novel
cue image (mean+-standard deviation: 574.6+-194 vs 588.9+-183.1 ms; F(1,58) = 5.22,p = .024,
Fig 2. a. Reaction time in the Go conditions in both experimental samples. Key presses indicating the
position of the circle (Fig 1) were significantly faster after subjects saw a novel image. b. This positive effect of
novelty on the reaction time is significantly larger in trials in which the delay between the cue image and
action is short (1000–2000 ms) compared to longer delays. c. Proportion of correct responses (Go or No Go)
for each experimental condition. Novel images lead to more accurate responses. d. The overall benefit of
novelty on reaction time is positively correlated across subjects with the TPQ Novelty Seeking scale.
Subjects with a high Novelty Seeking score react faster after seeing novel images.
doi:10.1371/journal.pone.0159120.g002
Stimulus Novelty Energizes Actions in the Absence of Explicit Reward
PLOS ONE | DOI:10.1371/journal.pone.0159120 July 14, 2016 4 / 10
partial η2 = .083) while there was no difference between delay conditions (F(1,58) = 1.45,p =
.23, partial η2 = .024). Note that this result is a conservative estimate of the effect, as removing
subjects with poor overall performance (lower than an arbitrary threshold of 95% correct
responses (9 subjects), indicating possibly poor compliance with the instructions) resulted in a
more robust facilitation by novelty (mean+-standard deviation: 534.6+-129.6 vs 553.9+-129.4
ms; F(1,49) = 9.441,p = .002, partial η2 = .162). Subjects were 96.6% correct in their responses
on average and performed significantly more accurate after seeing a novel cue (F(1,58) = 9.3,
p = .003, partial η2 = .14), independent of action or experimental group (all effects p>.1).
The RT facilitation by novelty revealed a statistical trend towards time bins differing from
one another in the long delay group (F(6,174) = 2.273, p = .074) and a significant effect in the
short delay group (F(3,87) = 3.19,p = .028, partial η2 = .099). To estimate the difference
between the shortest and longer delays across both experimental groups, we analysed the delay
in two bins (delays of 1000-2000ms vs. longer delays), revealing a significant difference (Fig 2B,
F(1,58) = 6.12,p = .016, partial η2 = .095, no interaction with group: F(1,58) = .49,p = .83, par-
tial η2 = .001, note that as this effect is calculated on the differences in RT between novel and
familiar stimuli, it is equivalent to the interaction term between the factors of novelty and delay
time). Analysing the RT facilitation in each individual time bin revealed a significant effect in
the 1000-2000ms bin (t(59) = 3.26, p = .014, Bonferroni corrected for 7 comparisons; note that
the time bin 4000-5000ms is significant on an uncorrected threshold t(59) = 2.38, p = .024).
The overall RT facilitation by novelty significantly correlated with the Novelty Seeking scale
of the TPQ (Fig 2C, r = .31, p = .016; Spearman’s rho = .28, p = .034; consisting of the subscales
“Exploratory Excitability”: r = .253, p = .051; rho = .26, p = .04; “Impulsiveness”: r = .289, p =
.025; rho = .24, p = .066; “Extravagance”: r = .285, p = .027; rho = .22, p = .091; “Disorderliness”:
r = .075, p = .57; rho = .07, p = .58). This correlation remains significant when controlling for
the two other two PTQ scales (r = .269, p = .041), highlighting the specificity of novelty seeking.
Exploratory analysis of the other TPQ scales revealed a significant correlation with the “Fear of
uncertainty” subscale of the “Harm aversion” scale (r = -.36, p = .005; rho = -.36, p = .005).
Correlating the Novelty Seeking subscale with the RT facilitation for short and long delays
separately revealed that the correlation between the RT effect and novelty seeking is driven by
a correlation with the RT facilitation after long delay. Novelty seeking scores did not signifi-
cantly correlate with the RT facilitation after short delays (“Novelty seeking”: r = .02, p = .85;
Spearman’s rho = .09, p = .49; consisting of the subscales “Exploratory Excitability”: r = -.02,
p = .85; rho = -.03, p = .82; “Impulsiveness”: r = -.03, p = .83; rho = .04, p = .771; “Extrava-
gance”: r = -.04, p = .78; rho = .09, p = .51; “Disorderliness”: r = .19, p = .14; rho = .21, p = .11),
while significant correlations were found with the RT facilitation after longer delays (“Novelty
seeking”: r = .28, p = .028; Spearman’s rho = .26, p = .047; consisting of the subscales “Explor-
atory Excitability”: r = .32, p = .012; rho = .35, p = .006; “Impulsiveness”: r = .25, p = .058; rho =
.18, p = .16; “Extravagance”: r = .26, p = .048; rho = .19, p = .15; “Disorderliness”: r = -.02, p =
.9; rho = -.02, p = .89). While the correlation appears to be driven by the trials with long delays,
note however that the strengths of the correlations of novelty seeking with the RT effect after
short or long delay do not differ significantly from each other (Novelty Seeking: p = .22;
Exploratory Excitability: p = .1). Additionally, note that the two bins do not include the same
number of trails. Exploratory analysis of correlations of the RT facilitation after short or long
delays with other TPQ scales revealed no significant correlations.
Discussion
Long standing experimental evidence strongly suggests that novelty is intrinsically motivating
and leads to exploration [34–37], a link that appears well conserved in animals and humans
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[38–40]. Our results now show that stimulus novelty enhances the speed of subsequent actions in
humans in the absence of reward, as well as response accuracy. The time course of this enhance-
ment shows that the effect is strongest when there is little time to prepare a response, akin to
what might be considered impulsive choices. However, individual differences reveal that the trait
novelty seeking is associated with a response facilitation after long delays, akin to vigour or sus-
tained exploratory drive. We discuss these findings from the vantage point of exploration and
approach, considering the functional anatomical organization of novelty processing within the
hippocampus and basal ganglia. We also consider how the energizing effect of novelty could lead
to suboptimal behaviour when novelty and the value of exploration are not aligned.
In our experiment, we measured the magnitude of the RT facilitation by novelty by compar-
ing it to RTs elicited for familiar images. By doing so, we obtained a conservative estimate of
the energizing effects of novelty. This is because familiarity with an image should make it easier
to decode action requirements compared to an entirely novel image. Thus, in the absence of
any motivational differences between novel and familiar images, the prediction would be that a
novel image will slow down action selection and execution. From this perspective, the compari-
son to familiar images likely led us to underestimate the RT facilitation observed for novelty.
Manipulating the length of the delay between the novel or familiar cue and action require-
ments allowed us to investigate the time course of the energizing effects of novelty. Since the
delay critically constrains the time available for decision making prior to action, it is a proxy
for impulsivity at short delays and deliberate choice at long delays. By the same token, the fact
that short delays showed a stronger RT improvement than long delays points towards a role of
stimulus novelty in promoting impulsivity. The presence of an energizing effect for immedi-
ately required action is also consistent with the role of novelty on impulsive choice and
approach actions [41–44]. The lack of an effect of novelty after long delays shows that the ener-
gizing effect of novelty decayed rapidly over time. However, we also found that novelty seeking
correlated with RT enhancement by novelty after long delays. This suggests that novelty seek-
ing prolonged the facilitating effect of novelty by several seconds. Understanding the circum-
stances in which novelty promotes actions could be of clinical relevance given the empirical
link between novelty seeking and proneness to drug addiction [3,4,45–47]. To the extent that
our task is a valid proxy for approach actions, our findings would indicate that novelty seeking
would energize approach decisions even if there is opportunity for longer deliberation.
The temporally extended facilitation of action (Go responses after long delays) that we
found in novelty seekers is conceptually compatible with reward-related vigour. In previous
studies, vigour was operationalized as faster performance of instrumental responses related to
the local average of the recent reward history [48] which might also be related to dopamine
agonism [49]. Importantly, as in our study, this enhancement of reaction times had no instru-
mental impact per se.
We conjecture that the facilitation of actions in this task relies both on the hippocampal
detection of novelty [9–13,50] and dopamine release by the SN/VTA [23,27,49]. Previous work
in animals and humans highlights two possible pathways through which the hippocampus can
control dopamine release by the SN/VTA. The hippocampus-SN/VTA loop projects novelty
signals indirectly from the hippocampus by activating the nucleus accumbens which inhibits
the ventral pallidum, in turn releasing inhibition on dopaminergic neurons in the SN/VTA
[7,8]. Another relevant pathway in which dopaminergic neurons in the SN/VTA are activated
by the hippocampus, specifically CA3, is relayed via the lateral septum [16]. This pathway is
especially relevant given recent imaging results show that the human CA3 (together with the
dentate gyrus) is activated by novel photographic images [13] similar to those used in our
study. The noradrenergic locus coeruleus is another midbrain/brain stem structure that is acti-
vated by novelty and may be relevant for our findings because of its positive effects on arousal
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[51,52]. The locus coeruleus also regulates hippocampal synaptic plasticity in the context of
spatial exploration [53].
A previous study on exploration showed that when making choices between rewarding
options, stimulus novelty and associated activation of the hippocampus and the SN/VTA
enhance the likelihood of choice for options imbued with stimulus novelty [6]. In that study,
action was always required to express a choice between rewarding options. Therefore, it
remained unclear the impact of stimulus novelty on pure approach actions without reward or
competing rewards. In fact, animal studies indicate that novelty seeking can be related to
approach towards unrewarding stimuli [42]. Rats that are high novelty seekers are more likely
to show sign-tracking behaviour, in which a cue for a reward acquires incentive salience and is
approached [42,43]. Sign-tracking is related to dopamine release and can be maladaptive
because a cue that has no intrinsic value in itself is approached and indeed the approach to the
actual reward is delayed due to this engagement with the cue [42]. In this case approach is tar-
geted towards a stimulus that is not rewarding in itself. The present results show that stimulus
novelty can energize action in the absence of explicit reward. It is possible that this form of
energization shares mechanisms with sign-tracking.
The fact that we observed energization that is not instrumentally relevant is also akin to Pav-
lovian-instrumental transfer. In Pavlovian-instrumental transfer, the presence of a positively
conditioned stimulus enhances the vigor for responses that are instrumentally independent of
the displayed conditioned stimulus [54]. In the case of our experiment however, the stimulus is
not conditioned with a reward expectation but merely by novelty itself. This adds to an argu-
ment for a likely conceptual and functional link between reward and novelty in motivation as
reflecting a “hard-wired” effect [21,55].
Another parallel between novelty and reward is its positive impact on both reaction times
and reaction accuracy at the same time. It has been shown that reward can improve perfor-
mance without following a speed/accuracy trade-off [56–58]. The fact that novelty enhances
both accuracy and reaction time in the current study is consistent with an effect similar to that
of reward. This is consistent with a general positive effect on motivation, attention or control.
An alternative account of the observed temporal effects could involve working memory and
the maintenance of task instructions over an extended period, and therefore increasing diffi-
culty or decay of attention.
The potential value of a novel stimulus cannot be scrutinized without exploration and
approach. Indeed, the motivationally energizing effects of novelty have been accounted for in
cognitive theories [40] and anatomical models [7] but have not been conclusively demon-
strated in humans. Here, we uncover a rapid action bias induced by stimulus novelty that could
potentially energize exploratory behaviours and approach. This bias (or “bonus”) appears to be
“hard-wired” because it was not dependent on any outcome or prior learning. Individual differ-
ences in novelty seeking revealed that novelty seekers tend to have a more prolonged time win-
dow for energization/vigor following novelty. A link between action and stimulus novelty
could be a simple mechanism supporting intrinsic motivation when rewards are sparse and,
therefore, learning through reinforcement is difficult. Future studies could explore the energiz-
ing effect of novelty on more complex models of approach (and withdrawal), how it is depen-
dent on the integrity of the hippocampus and the basal ganglia, and whether it declines in
aging and incipient neurodegenerative conditions [59].
Supporting Information
S1 Data. Data Matrix. Dataset the analysis was based on.
(XLSX)
Stimulus Novelty Energizes Actions in the Absence of Explicit Reward
PLOS ONE | DOI:10.1371/journal.pone.0159120 July 14, 2016 7 / 10
Acknowledgments
This work was supported by a UCL Grand Challenge Studentship in Biomedicine to RK, the
Wellcome Trust (Senior Investigator Award 098362/Z/12/Z to RJD) and DFG grant SFB 779
(A07) supporting ED. The Wellcome Trust Centre for Neuroimaging is supported by core
funding from the Wellcome Trust 091593/Z/10/Z. The authors would like to thank Dorothea
Hammerer for comments on a previous version of this manuscript.
Author Contributions
Conceived and designed the experiments: RK RD ED. Performed the experiments: RK TS.
Analyzed the data: RK TS. Wrote the paper: RK TS RD ED.
References
1. Daw ND, O'Doherty JP, Dayan P, Seymour B, Dolan RJ (2006) Cortical substrates for exploratory deci-
sions in humans. Nature 441: 876–879. PMID: 16778890
2. Doya K (2008) Modulators of decision making. Nat Neurosci 11: 410–416. doi: 10.1038/nn2077 PMID:
18368048
3. Leyton M, Boileau I, Benkelfat C, Diksic M, Baker G, et al. (2002) Amphetamine-induced increases in
extracellular dopamine, drug wanting, and novelty seeking: a PET/[11C]raclopride study in healthy
men. Neuropsychopharmacology 27: 1027–1035. PMID: 12464459
4. Belin D, Berson N, Balado E, Piazza PV, Deroche-Gamonet V (2011) High-novelty-preference rats are
predisposed to compulsive cocaine self-administration. Neuropsychopharmacology 36: 569–579. doi:
10.1038/npp.2010.188 PMID: 20980989
5. Rebec GV (1998) Real-time assessments of dopamine function during behavior: Single-unit recording,
iontophoresis, and fast-scan cyclic voltammetry in awake, unrestrained rats. Alcoholism-Clinical and
Experimental Research 22: 32–40.
6. Wittmann BC, Daw ND, Seymour B, Dolan RJ (2008) Striatal activity underlies novelty-based choice in
humans. Neuron 58: 967–973. doi: 10.1016/j.neuron.2008.04.027 PMID: 18579085
7. Lisman J, Grace AA, Duzel E (2011) A neoHebbian framework for episodic memory; role of dopamine-
dependent late LTP. Trends Neurosci 34: 536–547. doi: 10.1016/j.tins.2011.07.006 PMID: 21851992
8. Lisman JE, Grace AA (2005) The hippocampal-VTA loop: controlling the entry of information into long-
term memory. Neuron 46: 703–713. PMID: 15924857
9. Knight R (1996) Contribution of human hippocampal region to novelty detection. Nature 383: 256–259.
PMID: 8805701
10. Murty VP, Ballard IC, Macduffie KE, Krebs RM, Adcock RA (2013) Hippocampal networks habituate as
novelty accumulates. Learning & Memory 20: 229–235.
11. Howard LR, Kumaran D, Olafsdottir HF, Spiers HJ (2011) Double Dissociation between Hippocampal
and Parahippocampal Responses to Object-Background Context and Scene Novelty. Journal of Neu-
roscience 31: 5253–5261. doi: 10.1523/JNEUROSCI.6055-10.2011 PMID: 21471360
12. Kumaran D, Maguire EA (2009) Novelty signals: a window into hippocampal information processing.
Trends in Cognitive Sciences 13: 47–54. doi: 10.1016/j.tics.2008.11.004 PMID: 19135404
13. Maass A, Schutze H, Speck O, Yonelinas A, Tempelmann C, et al. (2014) Laminar activity in the hippo-
campus and entorhinal cortex related to novelty and episodic encoding. Nat Commun 5: 5547. doi: 10.
1038/ncomms6547 PMID: 25424131
14. Bunzeck N, Duzel E (2006) Absolute coding of stimulus novelty in the human substantia nigra/VTA.
Neuron 51: 369–379. PMID: 16880131
15. Bunzeck N, Guitart-Masip M, Dolan RJ, Duzel E (2011) Contextual novelty modulates the neural
dynamics of reward anticipation. J Neurosci 31: 12816–12822. doi: 10.1523/JNEUROSCI.0461-11.
2011 PMID: 21900560
16. Luo AH, Tahsili-Fahadan P, Wise RA, Lupica CR, Aston-Jones G (2011) Linking context with reward: a
functional circuit from hippocampal CA3 to ventral tegmental area. Science 333: 353–357. doi: 10.
1126/science.1204622 PMID: 21764750
17. Rangel-Gomez M, Hickey C, van Amelsvoort T, Bet P, Meeter M (2013) The detection of novelty relies
on dopaminergic signaling: evidence from apomorphine's impact on the novelty N2. PLoS One 8:
e66469. doi: 10.1371/journal.pone.0066469 PMID: 23840482
Stimulus Novelty Energizes Actions in the Absence of Explicit Reward
PLOS ONE | DOI:10.1371/journal.pone.0159120 July 14, 2016 8 / 10
18. Bunzeck N, Guitart-Masip M, Dolan RJ, Duzel E (2014) Pharmacological dissociation of novelty
responses in the human brain. Cereb Cortex 24: 1351–1360. doi: 10.1093/cercor/bhs420 PMID:
23307638
19. Schultz W, Dayan P, Montague PR (1997) A neural substrate of prediction and reward. Science 275:
1593–1599. PMID: 9054347
20. Ikemoto S (2007) Dopamine reward circuitry: two projection systems from the ventral midbrain to the
nucleus accumbens-olfactory tubercle complex. Brain Res Rev 56: 27–78. PMID: 17574681
21. Kakade S, Dayan P (2002) Dopamine: generalization and bonuses. Neural Netw 15: 549–559. PMID:
12371511
22. Costa VD, Tran VL, Turchi J, Averbeck BB (2014) Dopamine Modulates Novelty Seeking Behavior Dur-
ing Decision Making. Behav Neurosci.
23. Guitart-Masip M, Chowdhury R, Sharot T, Dayan P, Duzel E, et al. (2012) Action controls dopaminergic
enhancement of reward representations. Proc Natl Acad Sci U S A 109: 7511–7516. doi: 10.1073/
pnas.1202229109 PMID: 22529363
24. Guitart-Masip M, Fuentemilla L, Bach DR, Huys QJ, Dayan P, et al. (2011) Action dominates valence in
anticipatory representations in the human striatum and dopaminergic midbrain. J Neurosci 31: 7867–
7875. doi: 10.1523/JNEUROSCI.6376-10.2011 PMID: 21613500
25. Schonberg T, Bakkour A, Hover AM, Mumford JA, Nagar L, et al. (2014) Changing value through cued
approach: an automatic mechanism of behavior change. Nat Neurosci 17: 625–630. doi: 10.1038/nn.
3673 PMID: 24609465
26. Huys QJ, Cools R, Golzer M, Friedel E, Heinz A, et al. (2011) Disentangling the roles of approach, acti-
vation and valence in instrumental and pavlovian responding. PLoS Comput Biol 7: e1002028. doi: 10.
1371/journal.pcbi.1002028 PMID: 21556131
27. Guitart-Masip M, Duzel E, Dolan R, Dayan P (2014) Action versus valence in decision making. Trends
Cogn Sci.
28. Koster R, Guitart-Masip M, Dolan RJ, Duzel E (2015) Basal Ganglia Activity Mirrors a Benefit of Action
and Reward on Long-Lasting Event Memory. Cereb Cortex 25: 4908–4917. doi: 10.1093/cercor/
bhv216 PMID: 26420783
29. Wise RA (2004) Dopamine, learning and motivation. Nat Rev Neurosci 5: 483–494. PMID: 15152198
30. Braver TS, Barch DA (2002) A theory of cognitive control, aging cognition, and neuromodulation. Neu-
roscience and Biobehavioral Reviews 26: 809–817. PMID: 12470692
31. Pluck G, Brown RG (2011) Cognitive and affective correlates of temperament in Parkinson's disease.
Depress Res Treat 2011: 893873. doi: 10.1155/2011/893873 PMID: 21869930
32. Cloninger CR, Przybeck TR, Svrakic DM (1991) The Tridimensional Personality Questionnaire: U.S.
normative data. Psychol Rep 69: 1047–1057. PMID: 1784653
33. Wittmann BC, D'Esposito M (2014) Levodopa administration modulates striatal processing of punish-
ment-associated items in healthy participants. Psychopharmacology (Berl).
34. Butler RA, Harlow HF (1954) Persistence of visual exploration in monkeys. J Comp Physiol Psychol
47: 258–263. PMID: 13163267
35. MesulamMM (1998) From sensation to cognition. Brain 121 (Pt 6): 1013–1052. PMID: 9648540
36. Glanzer M (1958) Curiosity, exploratory drive, and stimulus satiation. Psychol Bull 55: 302–315. PMID:
13591450
37. Baranes AF, Oudeyer PY, Gottlieb J (2014) The effects of task difficulty, novelty and the size of the
search space on intrinsically motivated exploration. Front Neurosci 8: 317. doi: 10.3389/fnins.2014.
00317 PMID: 25352771
38. Insel N, Ruiz-Luna ML, Pertnenter M, Vogt J, Erickson CA, et al. (2008) Aging in Rhesus Macaques Is
AssociatedWith Changes in Novelty Preference and Altered Saccade Dynamics. Behavioral Neurosci-
ence 122: 1328–1342. doi: 10.1037/a0012928 PMID: 19045952
39. Loewenstein G (1994) The Psychology of Curiosity—a Review and Reinterpretation. Psychological
Bulletin 116: 75–98.
40. Berlyne DE (1966) Curiosity and exploration. Science 153: 25–33. PMID: 5328120
41. Donohew L, Zimmerman R, Cupp PS, Novak S, Colon S, et al. (2000) Sensation seeking, impulsive
decision-making, and risky sex: implications for risk-taking and design of interventions. Personality and
Individual Differences 28: 1079–1091.
42. Flagel SB, Clark JJ, Robinson TE, Mayo L, Czuj A, et al. (2011) A selective role for dopamine in stimu-
lus-reward learning. Nature 469: 53–57. doi: 10.1038/nature09588 PMID: 21150898
Stimulus Novelty Energizes Actions in the Absence of Explicit Reward
PLOS ONE | DOI:10.1371/journal.pone.0159120 July 14, 2016 9 / 10
43. Flagel SB, Robinson TE, Clark JJ, Clinton SM,Watson SJ, et al. (2010) An animal model of genetic vul-
nerability to behavioral disinhibition and responsiveness to reward-related cues: implications for addic-
tion. Neuropsychopharmacology 35: 388–400. doi: 10.1038/npp.2009.142 PMID: 19794408
44. Molander AC, Mar A, Norbury A, Steventon S, Moreno M, et al. (2011) High impulsivity predicting vul-
nerability to cocaine addiction in rats: some relationship with novelty preference but not novelty reactiv-
ity, anxiety or stress. Psychopharmacology (Berl) 215: 721–731.
45. Howard MO, Kivlahan D, Walker RD (1997) Cloninger's tridimensional theory of personality and psy-
chopathology: applications to substance use disorders. J Stud Alcohol 58: 48–66. PMID: 8979213
46. Wills TA, Vaccaro D, McNamara G (1994) Novelty seeking, risk taking, and related constructs as pre-
dictors of adolescent substance use: an application of Cloninger's theory. J Subst Abuse 6: 1–20.
PMID: 8081104
47. Zuckerman M, Kuhlman DM (2000) Personality and risk-taking: Common biosocial factors. Journal of
Personality 68: 999–1029. PMID: 11130742
48. Guitart-Masip M, Beierholm UR, Dolan R, Duzel E, Dayan P (2011) Vigor in the Face of Fluctuating
Rates of Reward: An Experimental Examination. Journal of Cognitive Neuroscience 23: 3933–3938.
doi: 10.1162/jocn_a_00090 PMID: 21736459
49. Beierholm U, Guitart-Masip M, Economides M, Chowdhury R, Duzel E, et al. (2013) Dopamine Modu-
lates Reward-Related Vigor. Neuropsychopharmacology 38: 1495–1503. doi: 10.1038/npp.2013.48
PMID: 23419875
50. VanElzakker M, Fevurly RD, Breindel T, Spencer RL (2008) Environmental novelty is associated with a
selective increase in Fos expression in the output elements of the hippocampal formation and the peri-
rhinal cortex. Learning & Memory 15: 899–908.
51. Vankov A, Herve-Minvielle A, Sara SJ (1995) Response to novelty and its rapid habituation in locus
coeruleus neurons of the freely exploring rat. Eur J Neurosci 7: 1180–1187. PMID: 7582091
52. Delini-Stula A, Mogilnicka E, Hunn C, Dooley DJ (1984) Novelty-oriented behavior in the rat after selec-
tive damage of locus coeruleus projections by DSP-4, a new noradrenergic neurotoxin. Pharmacol Bio-
chem Behav 20: 613–618. PMID: 6728877
53. Lemon N, Manahan-Vaughan D (2012) Dopamine D1/D5 receptors contribute to de novo hippocampal
LTDmediated by novel spatial exploration or locus coeruleus activity. Cereb Cortex 22: 2131–2138.
doi: 10.1093/cercor/bhr297 PMID: 22038910
54. Talmi D, Seymour B, Dayan P, Dolan RJ (2008) Human pavlovian-instrumental transfer. Journal of
Neuroscience 28: 360–368. doi: 10.1523/JNEUROSCI.4028-07.2008 PMID: 18184778
55. Bunzeck N, Dayan P, Dolan RJ, Duzel E (2010) A commonmechanism for adaptive scaling of reward
and novelty. Hum Brain Mapp 31: 1380–1394. doi: 10.1002/hbm.20939 PMID: 20091793
56. Takikawa Y, Kawagoe R, Itoh H, Nakahara H, Hikosaka O (2002) Modulation of saccadic eye move-
ments by predicted reward outcome. Exp Brain Res 142: 284–291. PMID: 11807582
57. Krebs RM, Boehler CN, Egner T, Woldorff MG (2011) The neural underpinnings of how reward associa-
tions can both guide and misguide attention. J Neurosci 31: 9752–9759. doi: 10.1523/JNEUROSCI.
0732-11.2011 PMID: 21715640
58. Manohar SG, Chong TT, Apps MA, Batla A, Stamelou M, et al. (2015) Reward Pays the Cost of Noise
Reduction in Motor and Cognitive Control. Curr Biol 25: 1707–1716. doi: 10.1016/j.cub.2015.05.038
PMID: 26096975
59. Duzel E, Bunzeck N, Guitart-Masip M, Duzel S (2010) NOvelty-related motivation of anticipation and
exploration by dopamine (NOMAD): implications for healthy aging. Neurosci Biobehav Rev 34: 660–
669. doi: 10.1016/j.neubiorev.2009.08.006 PMID: 19715723
Stimulus Novelty Energizes Actions in the Absence of Explicit Reward
PLOS ONE | DOI:10.1371/journal.pone.0159120 July 14, 2016 10 / 10
